Introduction
Fluid flow resulted from the gradient of surface tension usually called as Marangoni effect or surface tension effect, and the induced convection was called as Marangoni convection. Earlier studies about Marangoni effect were to discuss and analyze the disturbed phenomena in the gas-liquid interface. The phenomenon of the so called "tears and wine" was first studied by Carlo Marangoni in 1865. The Benard cells resulted from the gradient of temperature were another instance of Marangoni convections. Nowadays, the surface tension effect was extensively applied in many fields. For example, the nanostructure changed as a result of Marangoni effect in enhanced laser nanopatterning of silicon. Besides, to avoid spotting in silicon wafers, the matter of low surface tension was blown over the wet wafer to lead the gradient of surface tension and to dry wafer surface by the induced Marangoni effect. Marangoni effect was also utilized in dyeing works. The dyes or pigments were floated on the surface of the basic medium, and then they moved toward the diffusion direction by Marangoni effect. Finally, the surface was covered by paper or cloth to take a print. On the basis of small disturbance analysis, the interfacial disturbances can be divided into stable, stability and instability state. The stable state means that the fluid flowed phenomenon is not affected by Marangoni effect. The studies about stability state were always focused on critical Marangoni number or neutral stability curve. The instability state could be subdivided into stationary and oscillatory instabilities, and they were known as Marangoni instability. The regular hexagonal pattern of convective cells, such as Benard cells, was formed by heating from below or cooling from above, and which was the typical stationary instability, that is, the Marangoni convections with regular convection were called as stationary instability; however, the Marangoni convection with irregular convection was called as oscillatory instability. In general, the mass transfer performance can be enhanced by the Marangoni instability or so called interfacial disturbance. Therefore, studies about mass transfer affected by interfacial disturbance were focused on performance enhancement. Both of stationary instability or oscillatory instability can be called as interfacial disturbance in these studies. Mentioned above, Marangoni instability or interfacial disturbance can be resulted from the gradient of surface tension. Since fluids are the indispensable element for mass transfer devices, fluid flow affected by surface tension and effect of Marangoni instability on mass transfer were discussed in recent years. Generally speaking, the reason for the induced Marangoni convection could be divided into artificial and spontaneous Marangoni convection. For example, the disturbance induced by surface additive injected into absorption system could be called as artificial Marangoni instability; however the spontaneous Marangoni instability could be produced by some composed components in the distillation, extraction, bubble columns and so on. The Marangoni effect could be occurred in the gas-liquid and liquid-liquid contacting systems or mass transfer devices, such as packed distillation column, falling film absorber, absorption process with chemical reaction, two-phase flow system, liquid jets system and so on. In addition to the gradient of surface tension, the liquid fluid with continuous phase is an important reason to trigger the Marangoni effect so much that the liquid fluid with continuous phase can be observed in the mass transfer devices mentioned above. Therefore, the purpose of this chapter is to discuss effects of Marangoni instability on mass transfer devices. Besides, some experimental results are present to describe effects of Maranfoni effect on absorption performance. The interfacial disturbance and surface stress were also observed and calculated to analyze mass transfer performance for water vapor absorbed by triethylene glycol (TEG) solution in packed bed absorber. Described above, the phenomena of Marangoni effect in the thin liquid film, thinker liquid layer, and mass transfer devices were elucidated in the first. Secondly, the definitions related to artificial and spontaneous Marangoni convections were described. And then effects of interfacial disturbance resulted from the gradient of surface tension on the performance of mass transfer devices were discussed. Finally, the summary of this chapter was described in the conclusion.
Marangoni effect in thin liquid film, thinker liquid layer, and mass transfer devices 2.1 Thin liquid film
Fluid flow driven by the gradient of surface tension had been called as Marangoni effect, and the surface of liquid thin film was always inhomogeneous or wavy in the microview. As shown in Fig. 1 , the horizontal coordinate toward the thinner region is assumed to be positive x, that is the direction of +x, and the section of between real line and dotted line can be regarded as a cellular convection in the interface. Since the concentration in the thinner region is higher than that in the thicker region, the concentration gradient, eq. 2, is greater than zero for the gradient of surface tension, eq. 1. where the symbol γ is surface tension, and C AL is the concentration of solute in liquid phase. Mentioned above, the direction of fluid flow is dominated by the gradient of surface tension with respect to the concentration of liquid solution, that is
If the gradient of surface tension with respect to concentration is less than zero (negative), the gradient of surface tension (eq. 1) will be negative. The liquid will flow from thinner region to thicker region. Compared with liquid flowing on the supported surface, such as packing surface, the gas-liquid contacting area is reduced by the contraction of liquid film on packing surface, which leads to the less mass transport. Therefore, the phenomenon was called as "Marangoni negative system".
b.
If the gradient of surface tension with respect to concentration is greater than zero (positive), the gradient of surface tension will be positive. The liquid will flow from thicker region to thinner region. Since the fluid flow under this condition makes liquid film flowing homogeneously on the supported surface, the gas-liquid contacting area is larger than the"Marangoni negative system". The mass transfer performance is always better for this system, and the phenomenon is called as "Marangoni positive system". Extended from the concept of Marangoni effect acting on thin liquid film, effect of surface tension on mass transfer performance of packed distillation column was investigated by Patberg et al., 1983 . Since the surface tension of feeding solution was almost not changed while contacting with the reflux, Fig. 2 (a) showed the liquid was subject to the path of the shortest distance and the lowest resistance. Flow phonmenon in Fig. 2 (a) was resulted from Marangoni negative or neutral system in packed distillation column. Therefore, the poor distilling performance was due to the bad efficiency of packing wetted. On the opposite, the solution on the button of packing could be drawn by the feeding solution on the top of packing due to the surface tension of feeding solution increased by the reflux. Therefore, Fig. 2 (b) showed the solution flowing more homogeneously over the packing material.
Since the wetting efficiency of packing material is good for mass transfer under the condition of Fig. 2 (b) , the mass transfer performance of packed distillation column is better than Fig. 2 (a) . This can be called as Marangoni positive system in the packed distillation column. In addition, Patberg et al., 1983 also found that the interface refreshment was affected by the smaller packing and the lower liquid flow rates more significantly. Patberg et al., 1983 assumed that the shear stress was equal to the largest possible surface tension difference divided by an assumed creeping height, which resulted in the constant shear stress and constant thickness of creeping film. To achieve a more detailed approximation, the creeping film phenomenon ( Fig. 3 ) for packed distillation column was proposed by Dijkstra & Drinkenburg, 1990 to discuss effects of surface tension on wetted area and mass transfer. The numerical results showed that Marangoni effect was more significant in lower Biot number (Buoyancy effect), and the creeping height was increased with the increased Marangoni number. Finally, the Marangoni effect resulted from evaporation of acetone affected mass transfer flux for the acetone-water system was also demonstrated by Dijkstra & Drinkenburg, 1990 . 
Liquid layer
Marangoni convection or Marangoni instability was usually resulted from the gradient of surface tension in the thinker liquid layer. In addition to the interfacial disturbance resulted from heating the bottom of liquid layer, the interfacial disturbance also can be induced by the gradient of concentration, such as chemisorptions of carbon dioxide by monoethanolamine (MEA) solution. Brian et al., 1967 proposed the chemisorptions mechanism for carbon dioxide absorbed by MEA solution as follows:
The absorption efficiency of carbon dioxide could be enhanced by the induced interfacial disturbance in the system. In order to analyze effects of surface tension on cellular convection, the chemisorptions for the components of H 2 S-MEA-H 2 O and CO 2 -MEA-H 2 O were investigated by Buzek, 1983 . Absorption of H 2 S by MEA solution was an instantaneous and irreversible reaction, and the mass transfer resistance in the gas phase was negligible.
Since the liquid surface and its vicinity were occupied by the only ionized products, there was no concentration gradient responsible for cellular convection. Although the mass transfer resistance in the gas phase was still negligible for absorption of CO 2 by MEA solution, the rate of chemical reaction between MEA solution and CO 2 was finite. The gradient of interfacial tension could be resulted from nonuniform interfacial distribution of reactant and product. Therefore, the cellular convection could be resulted from absorption of CO 2 by MEA solution due to the gradient of interfacial tension. For the chemisorptions, Kaminsky et al., 1998 proposed the model of energy-balance equation, and the results showed that the mass transfer rate between phases was increased by the induced interfacial disturbance. Besides, to discuss the influences of surfactant solutions spreading on hydrophilic surfaces affected by Marangoni effect, Cachile et al., 1999 used nonionic surfactants, such as C 12 E 4 and C 12 E 10 , in elthylene glycol (EG) and diethylene glycol (DEG) to deposit on the surface of oxidized silicon wafer. Cachile et al., 1999 found that the spreading of surfactant solutions on hydrophilic surfaces and the structure of the instability pattern were dominated by the mobility of pure surfactant and the relative humidity, especially for that higher than 80%. In recent years, Marangoni convections were also discussed in the systems of solute evaporating from a liquid phase to an inert phase, surfactant transport from an aqueous to an organic phase, and absorption and desorption of carbon dioxide into and from organic solvents by Colinet et al., 2003 , Lavabre et al., 2005 , and Sun, 2006 respectively. In general, the interfacial disturbance resulted from spontaneous mass transfer is insignificant, and it is difficult to observe by naked eyes. Therefore, some studies compared mass transfer data with and without Marangoni effect to show influence of surface tension on mass transfer performance. On the other hand, some studies used the disturbed phenomena in the macro view or established the disturbed model to deduce interfacial disturbance resulted from the gradient of surface tension. Mentioned above, scaling up the interfacial phenomena from micro view and proving by experimental data under the conditions without violating scientific theory is one way to realize interfacial phenomena affected by the Marangoni effect.
In order to observe and realize the interfacial phenomena resulted from the gradient of surface tension for the absorption system, the water drop was instilled on the surface of TEG solution to observe the interfacial disturbance and calculate the surface stress. The schematic diagram for observing water drop instilled on the surface of TEG solution is shown in Fig. 4 . Since the disturbed phenomena for water drop instilled on different concentrations of TEG solutions are similar, only water drop instilled on 95 wt. %. TEG solution is shown to describe the interfacial disturbance, such as Fig. 5 (a), (b) and (c). As shown in Fig. 5 , the microscope with the software of image processing was used to observe the interfacial phenomena. The water drop can be called as the spreading liquid and the TEG solution can be called as the supporting liquid during the process of instilling water drop on the surface of the TEG solution. Since the surface tension of water drop was greater than that of TEG solution, the contraction of water drop inward was occurred by the induced interfacial stress, as shown in Fig. 5 (a) and (b). The results showed that the rate of instantaneous contraction for the interfacial contour was faster than dissolution of water drop into TEG solution. And then the drop diverged gradually due to mutual dissolution between water and TEG, as shown in Fig. 5 (c). In addition, the longitudinal gradient of surface tension made the disturbed behavior around the peripheral region of water drop, which could be called as the interfacial instability and the instability lasted from 30s to 40s. The interfacial stress was calculated and the relationship between interfacial stress and concentration of TEG solution was drawn after the images of water drop instilled on the surface of TEG solutions were captured. The schematic diagram of water drop on the TEG surface is shown in Fig. 6 , and the assumptions of homogeneous water film and plug flow is made for the contraction of water drop in this system. Mentioned above, the interfacial stress can be deduced as follows:
where the symbol F is the interfacial stress, m is the mass of liquid drop, V is the volume of liquid drop, ρ is the density of liquid drop, and a is the acceleration of leading edge of liquid drop. Assuming the acceleration maintained a constant at that instant. ω =the thickness of liquid film Eq. 7 is replaced by eq. 8, and the interfacial stress can be obtained from eq. 9. 
On the basis of eq. 9, the interfacial stress resulted from the gradient of surface tension can be calculated, and the relationship between interfacial stress and concentration of TEG solution is shown in Fig. 7 . As known, the surface tension of TEG solution is decreased with the increased concentration of TEG solution. The surface tension difference between water and TEG solution should be greater for the higher TEG concentration, which leads to the stronger interfacial stress. Fig. 7 also shows that the interfacial stress increases dramatically for the concentration higher than 93 wt. %. TEG solution. Therefore, the absorption performance of water vapor absorbed by TEG solution could be increased more significant as TEG concentration greater than 93 wt. %, and the deduction is consistent with experimental results by Wu and Chung, 2006 . Although the interfacial stress is insignificant for lower concentration, the interfacial instability resulted from longitudinal gradient of surface tension around the peripheral region of water drop is still being. The interfacial stress and Marangoni instability resulted from the enough difference of surface tension between spreading and supporting liquids was demonstrated, and the disturbed phenomena described above could also be helpful for explaining why the performance of mass transfer devices affected by the Marangoni effect. 
Mass transfer devices
In addition to Benard cell resulted from the gradient of surface tension in the liquid layer, studies related to Marangoni effect were almost devoted to packed distillation column and liquid-liquid contacting system before 1990. For example, Bakker et al., 1967 defined the ratio F of the measured concentration to the calculated concentration to analyze effect of driving force on the ratio F for the liquid-liquid extraction system. The ratio F was increased with the increased driving force. Bakker et al., 1967 deduced that the discrepancy between measured and calculated concentration could be attributed to the interfacial movement. The components and the changed range of ratio F for the system are shown in Table 1 . Besides, Moens & Bos, 1972 used pool column to investigate effect of surface tension on surface renewal. The relationship between stabilizing index, M = -(dγ/dx)(x-x*), and number of transfer units N og was used to analyze mass transfer performance affected by the gradient of surface tension. Roll cells were observed only for stabilizing index M greater than 5 dn/cm, and N og was not decreased beyond 0.15 dn/cm. Moens & Bos, 1972 concluded that the surface was renewed by the longitudinal gradient of surface tension. The entering liquid spread over the interface and moved towards outlet rapidly under the condition of positive M, which led interfacial velocity and mass transfer coefficient to be increased. However, the entering liquid did not spread over the interface under the condition of negative M. As a result of limiting spread of liquid, the insignificant surface renewal and the limited Marangoni effect could be derived for this condition. For absorption system, the surface additive could be added to absorption system to induce interfacial disturbance. For example, n-octanol was added to the aqueous solution of lithium bromide to induce interfacial disturbance by Kashiwagi et al., 1993 in the falling-film system. Both of adding n-octanol vapor and adding saturated n-octanol to the aqueous solution of lithium bromide were performed by Kashiwagi et al., 1993 . The results showed that absorption of steam was enhanced by the induced Marangoni effect. On the other hand, sodium lauryl sulfate (SLS) and cetyltrimethyl ammonium bromide (CTMAB) were used as surfactant respectively by Vazquez et al., 1996 to test the performance of carbon dioxide absorbed by water. Experimental results showed that the performance of carbon dioxide absorbed by water could be enhanced by the convection-inducing liquid, 20-100 wt. % aqueous solution of methanol, ethanol, 2-propanol, and the mass transfer coefficient would be reduced with the increased surfactant concentration. Similar to Patberg et al., 1983 , Proctor et al., 1998 also discussed effects of surface tension on packed distillation column. The difference between them is that the experimental parameters, include different scale of packed distillation column and liquid flow rate were performed by Proctor et al., 1998 . Effects of surface tension on mass transfer performance for the small-scale packed distillation column were consistent with previous studies. However, the extra surface was produced by spray and small drops for the larger scale column in the negative system, and then the mass transfer performance was better for the negative system at heavier loading. For absorption of carbon dioxide, liquid water, monoethanolamine (MEA), and metheldiethanolamine (MDEA) aqueous solution were often used as absorbent solutions to absorb carbon dioxide in the open studies. For example, aqueous solution of MDEA was used to absorb carbon dioxide by Zhang et al., 2003 to discuss the discrepancy of absorption rate between experimental data and kinetics model, and hence they thought that the enhanced absorption rate could be attributed to Marangoni effect resulted from the elevated partial pressure of carbon dioxide. In addition, some studies related to Marangoni effect in the recent years can also be found from absorption of CO 2 and NH 3 absorbed by NaOH and water in the falling film and bubble absorption systems, as shown in Table 1 . Mentioned above, the gradient of surface tension could be formed by mass transfer in the interface, and then the Marangoni instability could be induced by the gradient in the mass transfer device with continuous liquid phase. Therefore, the packed-bed absorber with continuous liquid phase was tested by Wu et al., 2001 to discuss effects of Marangoni convection on mass transfer performance of water vapor absorbed by TEG solution. Since the surface tension of absorbent solution was depend on concentration and temperature, the stabilizing index (M-index) was established with respect to the differentiation of concentration. On the basis of dimensional analysis and M-index, the empirical mass transfer correlation with M-index was established in eq. 10.
where k xa is the mass transfer coefficient in the liquid phase, M is the molecular weight of the transferred matter, d p is the diameter of the transferred matter, μ L is the viscosity of liquid fluid, the term in the first parentheses is the Reynolds number, the term in the second parentheses is the Schmidt number, L is the liquid flow rate, G is the gas flow rate, and Mindex is the Marangoni-index. The difference between experimental mass transfer coefficients and predicted by eq. 10 is about 7%, which is better than that predicted by the empirical mass transfer correlation without M-index. The results mean that mass transfer phenomena and performance should be affected by Marangoni effect under the process of water vapor absorbed by TEG solution. 
Method of Mass

Artificial and spontaneous marangoni convections
Researches about Marangoni effect can be categorized into experimental operation and numerical simulation. For the experimental operation, some studies compared experimental data to demonstrate that mass transfer performance affected by Marangoni effect, and the others observed or analyzed surface velocity and interfacial properties resulted from the gradient of surface tension to show effect of interfacial disturbance on mass transfer. Researches about Marangoni effect discussed by numerical simulation can also be categorized as follows. One is to simulate Marangoni effect resulted from the gradient of surface tension in the mass transfer system, and show that the performance is affected by Marangoni effect; the other is discuss the roll cells resulted from Marangoni instability and to analyze the induced interfacial disturbance by dimensionless numbers based on mass transfer principle and linear stability analysis. According to the collected references, the studies about interfacial disturbance discussed by numerical simulation are beyond 70 percent. Half of the other studies are to investigate effect of Marangoni effect on mass and heat transfer performance by practical experimental data; and the rest is to analyze and discuss Marangoni convection by the observed technology. The difference of study number shows that it is not easy to design a pilot engineering device accompanied with surface tension effect. The designer not only need to have the ability to design mass or heat transport device, but also need to have the ability to make the Marangoni effect occurring in the mass transfer device. Furthermore, studies about transfer performance affected by Marangoni effect in mass transfer devices and image observation during the process of mass transfer were not increased in recent years, which causes it is difficult to find the relevant paper for Marangoni effect occurring in the mass transfer devices. However, heat and mass transport engineering and drying of chip and semiconductor affected by Marangoni effect have been demonstrated in the open literatures. This is why the subject of effects of surface tension on mass transfer devices was selected to discuss in this chapter; however, it still need more hands to fill the gap in the literature. The purpose of this chapter is to discuss effect of Marangoni effect on mass transfer devices, and hence most of the descriptions are focused on the mass transfer enhancement affected by Marangoni effect. Some results obtained from numerical simulation are used to assist the descriptions about interfacial behaviors.
Mass Transfer Device Method
Times of Mass Transfer Enhancement
Authors ( Generally speaking, the interfacial disturbance can be divided into artificial and spontaneous Marangoni convection. In order to enhance mass transport, the interfacial disturbance resulted from the added surfactants is called as artificial Marangoni convection.
In contrast with artificial Marangoni convection, the gradient of interfacial tension resulted from the process of mass transfer is called as spontaneous Marangoni convection. Some studies related to artificial and spontaneous Marangoni convection are listed in Table 2 and 3.
Artificial Marangoni convection
By means of the difference of surface tension between spreading and supporting liquids, the artificial Marangoni convection can be induced by the added surfactant or solution on the surface of supporting liquid. In addition, the Marangoni convection could be produced by injecting a few of volatile solute into solvent or adding surfactant vapor to mass transfer system in the process of gas-liquid contacting, and then the mass transfer performance could be enhanced. Except for numerical simulation, the searched papers discussed about mass transfer enhancement by artificial Marangoni convection are shown in Table 2 . The artificial Marangoni convections could be occurred in the device with continuous liquid phase, such as falling film absorber, plate absorption system, and liquid-liquid contacting system. For example, the concept of larger difference of surface tension between vapor and absorbent solution can be utilized to produce imbalanced surface tension on liquid surface of falling film system. Once the vapor or the droplet is condensed on liquid surface, the Marangoni convection or wavy surface can be resulted from the imbalanced surface tension. The absorption performance could be enhanced by the artificial Marangoni convection, such as the saturated n-octanol vapor was added to the falling film absorber by Kashiwagi et al., 1993 , and the ethanol vapor was added to the absorption system by Yang et al., 2008 . Vazquez et al., 1996 , Lu et al., 1997 , and Kim et al., 1996 used capillary tube to deposit liquid drops of methanol, ethanol, and n-propanol respectively on the surface of liquid water to enhance mass transfer performance for two concentric absorption system, and the mass transfer enhancement was also shown in Table 2 . In addition, aqueous solutions of ionic and non-ionic surfactants were added to the liquid-liquid system respectively to discuss mass transfer enhancement by Agble & Mendes, 2000. In addition to the interfacial disturbance induced by vapor condensation and liquid drop, the liquid ethanol was used to produce interfacial disturbance in the plate absorption system by authors of this chapter based on the higher volatility and the lower surface tension for liquid ethanol with the properties of high volatility and low surface tension was used to produce interfacial disturbance in the plate absorption system by authors of this chapter. As shown in Fig. 8 , the working solutions used to absorb water vapor in the absorption system included triethylene glycol (TEG) and diethylene glycol (DEG) solutions.
Pure ethanol was added to the absorbent solution up to 5 wt. % for each experimental run.
In order to make humid to be carried by air, pure water was poured into the flask A. Air humidity can be controlled by air flow rate and numbers of flask. After the humidity attained equilibrium in the system, TEG solution with the added ethanol was injected into the absorption cell by liquid valve. Humidity and temperature were measured in the entrance and exit of the absorption cell, and then the mass transfer coefficient were calculated to discuss mass transfer coefficient changed with time and mass transfer performance affected by artificial Marangoni effect. The solution was regenerated at 80°C after experimental operation. Fig. 9 and 10 shows the scheme of mass transfer coefficient changed with time for water vapor absorbed by TEG and DEG solutions respectively. Compared Fig. 9 with Fig. 10 , the mass transfer coefficient of water vapor absorbed by DEG solution is slightly greater than that by TEG solution. The mass transfer coefficient for addition of ethanol is greater than that without addition of ethanol, and the mass transfer coefficient is leveled off after 240s. Since the more ethanol evaporates from glycol solution to air phase at the beginning of absorption process, the induced interfacial disturbance should be stronger for the beginning. As also shown in Fig. 9 and 10, the mass transfer enhancement is significant before 150 sec, and then the mass transfer coefficients with and without addition of ethanol are closer. Therefore, the mass transfer performance enhanced by the induced interfacial disturbance can be demonstrated by comparing mass transfer coefficient with and without addition of ethanol in this study. Fig. 10 . Mass transfer coefficient for water vapor absorbed by DEG solution in plane absorption system Table 2 and Table 3 show that the artificial Marangoni convection can be applied into falling-film absorption system, plane-absorption system, and liquid-liquid contacting system; however, the spontaneous Marangoni convection was occurred in the system with fluid circulation or chemical reaction, such as packed distillation column or chemisorptions.
Spontaneous Marangoni convection
Since the difference of surface tension between feed liquid and reflux is larger enough to result in the gradient of surface tension in distillation column, the interface would be disturbed, renewed or accelerated by the gradient. For the spontaneous Marangoni convection, the interfacial instability for falling-film absorption system, packed distillation column, and the system of horizontal liquid layer heated from bottom were often analyzed by mass transfer fundamental and linear stability analysis. Based on the collected references, just some studies discussed effects of spontaneous Marangoni convection on mass transfer performance by practical experimental data; the most studies analyzed and discussed interfacial instability by numerical simulation. Table 3 lists some studies to elucidate effect of Marangoni effect on mass transfer devices. For the studies of spontaneous Marangoni convection performed by experimental operation, the mass transfer data affected by spontaneous Marangoni convection could be compared with that without spontaneous Marangoni convection or the theoretical data, and the results showed that the mass transfer data affected by spontaneous Marangoni convection were greater than that without spontaneous Marangoni convection or the theoretical data, such as Bakker et al., 1967 , Moens, 1972 , Patberg et al., 1983 , Martin & Perez, 1994 , Proctor et al., 1998 , and Sun et al., 2002 in Table 3 . In addition, most studies attributed the discrepancy between experimental data and predicted results to that the Marangoni effect was not considered into traditional mass transfer theory. For the studies with numerical simulation, some studies discussed effects of Marangoni number and other dimensionless number on interfacial instability for the gradient of surface tension resulted from temperature, such as Kalitova et al., 1996 and Kamotani et al., 1996 . Some studies devoted to analyze solutal Marangoni instability resulted from chemisorptions, such as absorption of carbon dioxide by MEA solution. The relevant models were set and solved by numerical method to analyze effects of surface tension on mass transfer, such as Dijkstra et al., 1990 and Warmuzinski & Tanczyk, 1991. The amount of studies related to Marangoni effect is much greater for discussing by numerical simulation; however, establishment of experimental system and confirmation of experimental data are the way to promote engineering and science technology. Therefore, such field still needs more scholars to make effort in future. Table 1 shows mass transfer devices and their performance affected by Marangoni effect. As shown in Table 1 and Table 2 , Marangoni effect was often discussed for the devices of packed-distillation column, falling-film absorber, two-concentric absorption system, and liquid-liquid contacting system. The dependent variables H og and N og were usually used to discuss mass transfer performance for packed-distillation column, the dependent variables mass transfer coefficient (k l or k g ) and mass transfer flux (N) were usually used to discuss mass transfer enhancement for absorption system, and the factor F was usually used to discuss the difference of transfer performances with and without Marangoni effect. Since effects of surface tension on performances of mass transfer devices were emphasized in this chapter, introduction of mass transfer devices and effects of surface tension on mass transfer performance are elucidated for packed-distillation column, two-concentric absorption cell, falling film absorber, and liquid-liquid contact system respectively.
Marangoni effect in the mass transfer devices and mass transfer performance affected by Marangoni effect
Packed-distillation column
A typical packed distillation column is shown in Fig. 11 . The purpose of distillation column is to separate miscible liquids by boiling points of mixture components. In general, a distillation device consists of a distillation column, a condenser, a reboiler, reflux tube, and a heat source. In order to provide contacting area between liquid and vapor phases, the packed-bed or the tray column can be selected. The difference between the packed-bed column and the tray column is that the surface area for packed-bed column is continuous and the surface area for the tray column is discrete. Since the Marangoni effect could be induced from the continuous liquid phase, the packed-bed column was discussed in this chapter. Liquid flows down the packed bed, and vapor upflows to contact with liquid phase in the countercurrent. The vapor was cooled and condensed in the condenser, and the liquid was reboiled in the reboiler. Once the contacting time is provided enough for gas and liquid pgases, the matter with the property of volatile or low boiling point can be obtained in the top of condenser, and the heavier matter can be obtained in the bottom of condenser. For the gradient of surface tension, Marangoni effect in the packed-bed distillation column can be divided into positive and negative system. For example, a component of low surface tension transferred from a liquid phase to a gas phase may increase surface tension of the transferred spot on the surface of liquid layer, and then the liquid surrounding the spot is drawn to the spot. The flow phenomenon driven by this kind of surface tension gradient may spread over the packing well in packed-bed column and increase mass transfer performance. Therefore, the system making more packing surface wetted by liquid is called as positive system for the packed-bed distillation column. In the opposite case, if a component of high surface tension transfers from a liquid phase to a gas phase, surface tension of the transferred spot will be decreased. The induced stress is directed from the spot to the surrounding liquid, which leads the wetted surface to be contrasted. Since the mass transfer performance would be decreased with the decreased contact area between gas and liquid phases, such system is called as negative system. In addition, Moens & Bos, 1972 pointed out that the surface renewal effects could be caused by the longitudinal gradient of surface tension for the pool distillation column, that is, evaporation of the component of low surface tension would accompany with the increased surface tension in the direction of liquid flow. Since the liquid flow would be accelerated along the interface and the mass transfer performance would be enhanced by the surface renewal, such a system for promoting surface renewal could be called as a positive system for the pool distillation column. In contrast with the positive system, the surface tension would be decreased in the direction of liquid flow by transferring the component of high surface tension from a liquid phase to a gas phase. The flow velocity would be retarded, and the surface renewal of pool column would be decreased under this condition. Since the mass transfer performance was increased insignificantly with the increased driving force, the system with bad surface renewal was called as negative system for the pool distillation column. As shown in Fig. 12 , Moens & Bos, 1972 and Patberg et al., 1983 demonstrated that the mass transfer performances were increased significantly for the positive system, especially for the smaller packing. Since the size of pool distillation column established by Moens & Bos, 1972 is larger than that of Patberg et al., 1983 , the mass transfer performance seems to be increased more significantly across zero driving force. Besides, the relationship between height of transfer unit and liquid rate was established by Proctor et al., 1998 for packed distillation column, as www.intechopen.com
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shown in Fig. 13 . The results also demonstrated that the mass transfer performance of positive system was better than that of negative system. Since the specific surface area of 6mm copper gauze saddles is larger than that of Sulzer "DX" structured gauze packing, the mass transfer performance for that packed with 6-mm copper gauze saddles is slightly higher than that packed with Sulzer "DX" structured gauze packing under the positive condition. However, the mobility of n-propanol on the surface of Sulzer "DX" structured gauze packing is better than that of 6-mm copper gauze saddles so much that the detrimental effects under the condition of negative system may be overcome partly to lead the better mass transfer performance for Sulzer "DX" structured gauze packing.
Two-concentric absorption cell
The schematic diagram of two-concentric absorption cell is shown in Fig. 14. The absorbent liquid is injected in the bottom of this system. The liquid flows upwardly along the center of the inner cylinder, and then flows on the plane surface of the inner cylinder. In order to induce interfacial disturbance, the liquid of low surface tension could be fed on the surface of absorbent liquid by the capillary tube. If the interfacial disturbance was considered to be induced by surfactant vapor, the saturated vapor is the better choice to inject from inlet of surfactant vapor. The distance between the fed liquid and the surface of absorbent liquid is as close as possible to avoid Marangoni effect interfered by gravity. Inlet and outlet of the treated air are usually mounted in the opposite sides of capillary tube. The gas can be single component or mutil-components. In order to ensure effective contact for gas and liquid phases, some fixed blades are suggested to mount in the absorption system. As known, the gradient of surface tension could be arisen from transferring a component across interface. Thus the interfacial disturbance resulted from the gradient could be occurred in some separation processes, such as distillation, absorption, and extraction. However, it is not easy to discuss effects of interfacial behaviors on mass transfer process because of other interferences, such as buoyancy, gravity, viscosity, and etc. In order to control the intensity of the induced Marangoni convection, the interfacial convection was induced by adding surfactant liquid of low surface tension at the interface. As shown in Fig.  14, if the difference of surface tension between the absorbent solution (supporting liquid) and the fed liquid (spreading liquid) is large enough, the tangential stress at the interface will be resulted in. Therefore, the Marangoni convection will be produced by the stress in the region between liquid surface and underlying liquid. In general, the spreading liquid with low surface tension was usually added on the surface of supporting liquid to make Marangoni convection artificially, and hence the absorption performance was enhanced with the increased effective area between gas and liquid phases or with the promoted surface renewal. For example, the mass transfer performance of water vapor absorbed by solution of lithium bromide is increased with the increased concentrations of 2-ethyl-1hexanol in the range from 10 to 100 ppm, as shown in Fig. 15 . Fig. 15 also shows that the efficiency of water vapor removed by the solution of lithium chloride is better for the addition of ethanol into gas stream than into working solution. In addition, to discuss effect of surface additives on interfacial disturbance quantitatively, some surface additives were added to absorbent solution, such as aqueous solutions of anionic sodium lauryl sulfate (SLS), anionic sodium dodecyl sulfate (SDS), aqueous solution of cationic cetyltrimethylammonium bromide (CTMAB), and aqueous solution of dodecyl trimethyl ammonium chloride (DTMAC). Lu et al., 1997 showed that mass transfer performance of carbon dioxide absorbed by water could be enhanced by interfacial disturbance resulted from addition of ethanol; however, the mass transfer coefficient was decreased with the increased surfactant concentration, as shown in Fig. 16 . Therefore, effects of anionic and cationic surfactants on mass transfer performance of absorption system were demonstrated by Lu et al., 1997 and Vazquez et al., 2000 . Fig. 15 . Effects of the induced interfacial disturbance on mass transfer performance. (data source: Kim et al., 1996 and Yang et al., 2008) Vazquez et al., 2000 , ethanol-water , , , , , Lu et al., 1997 , ethanol-surfactant solution , Lu et al., 1997 , 1997 and Vazquez et al., 2000) 
Falling-film absorber
The common falling-film absorption systems are shown in Fig. 17 and Fig. 18 . The advantage of the device in Fig. 17 is that the contacting time or distance between liquid and gas can be adjusted easily; however, the large-scale contacting area between gas and liquid phases, suh as the device in Fig. 18 , is suitable for observing interfacial behaviors during absorption process. The falling-film absorption system shown in Fig. 17 is mainly consisted of two-concentric annulus pipes, cap, and some flow controller. The absorbent liquid is introduced into the bottom of the falling-film system. The absorbent liquid flows up the inside of the inner annulus pipe, and then is distributed by a cap to form liquid film. Gas inlet and outlet can be designed in the top or bottom of the system. If the gas inlet is in the top of the system, the gas and liquid will flow in the cocurrent. Oppositely, if the gas inlet is in the bottom of the system, the gas and liquid will flow in the countercurrent. While the liquid film flows down the outside of the inner annulus pipe, pollutant in the gas phase is absorbed by the liquid film between cap and gas outlet. The thickness of liquid film can be determined by the width between cap and inner annulus pipe and the liquid flow rate. For the falling-film absorption system shown in Fig. 18 , the absorbent liquid may be introduced into the system by the slit-shape distributor or liquid nozzle so much that the thickness of liquid film can be determined by the liquid distributor and liquid flow rate. Similar to the device in Fig. 17 , the depositions of gas inlet and outlet determine gas and liquid flowing in the cocurrent or countercurrent. Similar to the packed-bed distillation column, the gradient of surface tension can be formed by transferring a solute from a liquid phase to a gas phase, and promoting surface renewal by Marangoni convection. If the difference of surface tension between solute and solvent is large enough, the gradient of surface tension will be formed around the spot where the solute evaporates or desorbs. The interfacial disturbance is induced by the gradient of surface tension at the interface so much that the desorbed solute is called as surface-active solute. For example, the liquid-phase mass transfer coefficients with and without interfacial disturbance in the falling film absorption system were compared by Imaishi et al., 1982, and the results showed that desorption performance would be enhanced with the increased concentration of solute, as shown in Fig. 19 . Kashiwagi et al., 1993 also demonstrated that the mass transfer performance would be enhanced by addition of vapor of low surface tension in the falling film system, and the mass transfer enhanced by the surfactant concentration was shown in Fig. 19 . The difference of activation of Marangoni convection between Kashiwagi et al., 1993 and Imaishi et al., 1982 is that Kashiwagi et al., 1993 Brian et al., 1967 , and the mass transfer enhancement affected by MEA concentration was shown in Fig. 19 . Since the operating conditions were different for these three data point of Brian et al., 1967 , the trend differed with other studies was not focused here. Imaishi et al., 1982) liquid distributer inlet of treated gas inlet of treated gas storage tank of absorbent liquid outlet of treated gas 
Liquid-liquid contact system
In order to investigate effect of Marangoni instability on mass transfer performance or interfacial phenomena induced by the gradient of surface tension for liquid-liquid contact system, some kinds of liquid-liquid contact devices were designed. Based on the direction of fluid flow, the liquid-liquid contact system can be generally categorized into vertical and horizontal liquid-liquid mass transfer devices. The schematic diagram of vertical liquidliquid contact device is shown in Fig. 20 . The heavier liquid is introduced at A, and comes into contact with the lighter liquid in the cocurrent. Then the heavier liquid flows over the rod C, and leaves at the valve D. The lighter liquid is introduced at B and leaves the device at valve E. Described above, transport of solute between phases is occurred in the section between F and G. The horizontal liquid-liquid contact devices can also be divided into dynamic and static liquid-liquid contact devices, as shown in Fig. 21 and 22 respectively. As shown in Fig. 21 , the heavier and the lighter liquids are introduced at the inlet A and B, and the divider C is used to smooth out the flow. The length between D and E decides the exposure time for transferring solute between phases. The heavier liquid leaves at valve F while the lighter liquid leaves at valve G after the exposure time. In order to observe periodic Marangoni instability in liquid-liquid mass transfer device, transport of a surfactant, such as cetyltrimethylammonium bromide, from an aqueous to an organic phase in the static liquid-liquid contact system, as shown in Fig. 22 , was performed by Lavabre et al., 2005. In general, the organic solution was placed in the bottom of the beaker, and then the aqueous solution was introduced on the top of the organic solution. The advantage of this system is to make the visualization of interfacial disturbance easier.
For the system of transferring a solute from one liquid phase to another liquid phase, development of interfacial instability depends on the differences of surface tension between liquid A and surfactant and that between surfactant and liquid B. Fig. 23 shows that a solute diffuses from liquid A to liquid B. Assuming that the surface tension of solute is less than those of liquid A and liquid B, and then the interfacial tension will be decreased with the increased concentration of solute. If a solute is transferred from bulk liquid A to the point S, a small disturbance near point S will be resulted from the gradient of interfacial tension. The underlying liquid is brought with the small disturbance to the interface, and the interfacial instability is promoted. Furthermore, the solute diffuses from interface to bulk liquid B, and then the interfacial tension at point S increases with the decreased concentration of solute.
Since the gradient of interfacial tension resulted from solute transferring from interface to liquid B is opposite to that transferring from liquid A to interface, the disturbance induced by transferring solute from interface to liquid B will be opposite to that transferring from liquid A to interface. Therefore, the interfacial instability will depend on the differences of surface tension between surfactant and liquid A and that between surfactant and liquid B. Mentioned above, transferring a solute from one liquid phase to another liquid phase might cause the gradient of concentration in the interface, and then the gradient of surface tension may be formed by the gradient of concentration. Once the difference of surface tension between surfactant and liquid A is differ from that between surfactant and liquid B significantly, the interfacial disturbance will be occurred by the solutal Marangoni effect. For example, Maroudas & Sawistowskis, 1964 used the F-factor to discuss transfer of solute across liquid/liquid system in the horizontal, and the F-factor was used to show the intensity of interfacial disturbance. Since the F-factor is greater than unity in the dynamic liquid/liquid system especially for the initial 500s, the spontaneous interfacial disturbance was verified for transferring phenol between carbon tetrachloride and water, as shown in Fig. 24 . Besides, the mass transfer flux was used by Agble & Mendes, 2000 to discuss effect of surfactants on interfacial mass transfer for liquid-liquid contact system. As a result of the presence of ionic surfactant, such as dodecyl trimethyl ammonium bromide, the molar flux was enhanced by the induced Marangoni convection especially for the initial 2000s, as shown in Fig. 24 . In contrast with nonionic surfactant, such as ATLAS G 1300, and pure water, the molar fluxes were lower than that addition of an ionic surfactant, and the molar fluxes seemed to be equal for the nonionic surfactant and pure water. The result means that Marangoni convection could be dampened by the addition of a nonionic surfactant. 
Conclusions
The surface tension not only can apply for daily life but also can apply for engineering and scientific technology. For example, the surface tension can be applied into eye drops, ball pen, condensed liquid drop, capillary phenomenon, liquid lens, and etc. for the daily life. Besides, the surface tension can also be applied into semiconductor drying, artificial rainfall, and mass transfer enhancement for engineering and scientific technology. Since the effective area can be increased by interfacial disturbance, the surface tension plays an important role between phases. For example, the gradient of surface tension was used to induce interfacial disturbance to improve mass transfer efficiency by so me studies . T he purpose of this chapter is also to discuss the performance of mass transfer devices affected by the Marangoni effect, which is resulted from the gradient of surface tension. First, the fluid flow in thin liquid film, thinker liquid layer, and mass transfer devices was introduced, and then the observation of interfacial disturbance resulted from liquid drop instilled on the surface of TEG solution was presented by the author of this chapter. The disturbed phenomena of liquid drop on the surface of TEG solution was used to explain successfully why the Marangoni effect occurred in the absorber with continuous liquid phase. In addition, artificial and spontaneous Marangoni convection were described in this chapter. Table 2 and Table 3 show some studies related to artificial and spontaneous Marangoni convection in the mass transfer devices. Evaporation of ethanol was used by author to form the gradient of surface tension, and then the mass transfer performance increased with the induced interfacial disturbance was demonstrated by the experimental results. Finally, the interfacial disturbance resulted from the gradient of surface tension and performance affected by the interfacial disturbance for these devices, such as packed-bed distillation column, two-concentric absorption cell, falling-film absorber, and liquid-liquid contact system, were described and analyzed. Mentioned above, the surface tension is an important physics at the interface. The formed gradient of surface tension not only changes effective area between gas and liquid phases, but also affects the mass transfer mechanism. The results always make the traditional mass transfer fundamental underestimate the practical mass transfer data. In order to describe the interfacial disturbance resulted from the gradient of surface tension more precisely; some models and relevant governing equations had been established and solved to explain mass transfer affected by Marangoni effect. However, the phenomena of fluid flow dominated by Marnngoni effect seem to be still in the stage of speculation. Since the interfacial convection induced by the gradient of surface tension is difficult to observe by naked eyes, development of computational fluid dynamic can be suggested to describe effects of surface tension on fluid flow of the mass transfer devices in future. In order to promote the application of the Marangoni effect in the engineering and scientific technology, more researches discussed about Marangoni effect and more data confirmed the interfacial disturbance will be expected to fill the gap of this filed by more excellent scholars.
